To estimate strong ground motions caused by future earthquakes in Japan and to more accurately predict seismic hazards and tsunamis, it is necessary to accurately model the geometry of the subducting plate and the seismic velocity structure around Japan, particularly in offshore areas. Although various seismic velocity structure and plate boundary models have been proposed around Japan, they are all managed individually and differ in extent, data type, and format. Ensuring consistency among those models requires knowledge of their spatial distribution around the subduction zones of Japan. Here, we describe a database system to store and serve various velocity structure and plate geometry datasets from around Japan. Seismic structure models in this database include 3D seismic velocity models obtained by seismic tomography, 3D plate geometry models, 2D seismic velocity structure models, 2D plate geometry models obtained by offshore seismic surveys, and hypocenter distributions determined by offshore observations and the Japan Meteorological Agency. Using this database (currently available only in Japanese), users can obtain data from several structural models at once in the form of the original model data, equal-interval gridded data in a text file, and Keyhole Markup Language (KML) data. Users can grasp the distributions of all available seismic models and hypocenters using a web-based interface, simultaneously view various models and hypocenters as KML output files in Google Earth, and easily and freely handle the structural models in a selected area of interest using the gridded text-file output data. This system will be useful in creating more accurate models of the geometries of the subducting plate and the seismic velocity structure around Japan.
Introduction
The Japanese Islands are in a complex tectonic setting, with the Pacific and Philippine Sea plates subducting beneath Japan from the east and southeast, respectively. Strong ground motions and tsunamis generated by large thrust earthquakes occurring on the subducting plate interfaces cause considerable damage to coastal areas, as illustrated by the 2011 Tohoku earthquake (e.g., Fujiwara et al. 2011) .
To estimate strong ground motions and predict seismic hazards for such large thrust events, it is necessary to create accurate models of the geometries of the subducting plates and seismic velocity structure. In preparing the National Seismic Hazard Maps (2017), the Earthquake Research Committee, Headquarters for Earthquake Research Promotion in the Ministry of Education, Culture, Sports, Science and Technology (MEXT) constructed a standard velocity structure model around Japan based on data from Koketsu et al. (2008) and Fujiwara et al. (2009) . This model, the Japan Integrated Velocity Structure Model (Koketsu et al. 2008) , was created to simulate long-period ground motions and their associated seismic hazards. However, large thrust earthquakes often occur in deep offshore locations in subduction zones, where the velocity structure remains poorly understood because standard velocity structure models are based only on onshore geophysical and geological data. Nakamura et al. (2015) observed from ocean-bottom data that long-period (10-20 s) ground motions developed in ocean areas during a moderate (M w 5.8) earthquake. It is thus necessary to consider the submarine velocity structure, including thick, low-velocity sedimentary layers, in simulations of long-period ground motions and associated seismic hazards because long-period ground motions in ocean areas could affect source analyses such as magnitude estimates and finite fault slips.
Various seismic velocity structure models have been constructed for the plate boundaries around Japan, including crustal structure and tomographic models based on offshore seismic surveys and observations. However, each model is different and managed individually by its constructor organization. It is therefore an opportune time to construct a new and more realistic model of the subducting plate geometry and seismic velocity structure. Integrated plate configuration data based on many seismic studies (Hirose 2013 ) and a visualization system for subsurface structures of Japan (Active Fault Database 2016) are available, although the structural information is of insufficient resolution for offshore application. To produce a fully integrated submarine velocity structure and subducting plate geometry model, we need to know the spatial distribution of the various subordinate models (i.e., 2D and 3D seismic velocity models and plate geometries) and visually compare their hypocentral distributions.
Here, we describe a newly developed database to store the various types of velocity structure and plate geometry data around Japan, available at http://www.kozo.jishin.go.jp. We introduce the concept, development, and maintenance of this database and provide some examples of its use.
Methods/Experimental
To better understand and conveniently compare submarine seismic velocity structure and subducting plate geometry models, we developed a database to store and visualize the various kinds of seismic velocity structure models around Japan. In this section, we first explain the storage of the seismic velocity structure models as data in the database and then describe the development and use of the database.
Data used for database development
We collected published and officially announced 2D velocity structure models and plate geometries along offshore seismic profile lines, 3D tomographic velocity models, and 3D plate geometries. We prepared four permission levels for the data and sources used to construct the database, depending on data availability: (1) only the areal extent of the data and the source reference can be indicated, (2) the data and source reference can be displayed but not distributed, (3) the data and reference are approved for both display and download, or (4) nothing is provided. For example, option 2 is chosen if the model was only reported in documents issued by governmental institutions.
2D velocity structure models and plate geometries along offshore seismic profile lines were provided by the University of Tokyo, Hokkaido University, Tokyo University of Marine Science and Technology, the Japan Coast Guard, and the Japan Agency for Marine-Earth Science and Technology (JAMSTEC). 3D velocity models estimated by seismic tomography and 3D subducting plate geometries were provided by the University of Tokyo, Tohoku University, Tokyo Institute of Technology, the Meteorological Research Institute, the National Research Institute for Earth and Disaster Resilience, and JAMSTEC. Hypocentral parameters were provided by the Japan Meteorological Agency (JMA) and JAMSTEC. We standardized the format of all models and parameters because their contents, notation systems, and sampling intervals were different depending on the data provider.
Development of the database
In addition to the original data files, our database provides reconstructed 250-m equal-interval gridded data files. We included a function to convert the data into Keyhole Markup Language (KML), an XML-based language schema for visualizing geographic data in Google Earth. Users can acquire various data files from several models at once, regardless of model type. We constructed a web-based graphical user interface (GUI) to search the database, display the extent of the data in each model, and retrieve the desired model data.
Database design
We constructed the database as a Java SE 8 application and developed the web GUI so that anyone can access the database via the Internet. The system uses Apache HTTP Server 2.2 and Apache Tomcat 8 as middleware. For searching and processing data, we developed a Java Servlet without a database management system (e.g., MySQL, PostgreSQL). Because the data archiving system uses only a file system (see Table 1 ), no knowledge of database language (e.g., SQL) is needed for management of the data. Instead, an information file must be created for each kind of model data (including the source reference, file name, and permission level of the data) and uploaded to the parent directory (Table 1) .
File formats accepted by the database
In constructing the database, each model type presented various data formats. To standardize the data files, data should be written as geographic data comprising latitude, longitude, and depth, plus either a seismic velocity (2D and 3D velocity models), seismic velocity perturbation (if available for 3D velocity models), or magnitude and origin time (hypocenter distributions). Except for original data files provided by various institutes, universities, and researchers, the database requires space-delimited plain text files organized for each model type as shown in Table 2 . To provide 250-m equal-interval gridded data, the database requires horizontal equal-interval grid point data (except for hypocenter distributions); 2D and 3D seismic velocity models further require vertical equal-interval grid point data. For 3D seismic velocity and plate geometry models, the extent of the data is displayed in the web GUI as a rectangle on the map, in which the existence of blank or dummy data is permitted; thus, the database can accept "incomplete" data within the model extent. For 2D seismic velocity and plate geometry models, the data extent is displayed as a profile on the map, and data must exist across the entire profile. In addition to the formatted text file, the database can store original, unprocessed data files for download.
Searching the database
The database can be searched using user-specified parameters (Fig. 1) . Users begin by setting the geographic region of interest as follows: (1) the user sets the geographic coordinates of the start and end points of a profile by drawing the profile on the Earth's surface, (2) the user sets the distance from the profile within which they wish to capture data, and (3) a rectangular region is created from the user-specified parameters (Fig. 2) . All models containing data within the rectangular region of interest are searched. The user can then select the desired model(s) and output file type; the original data file (depending on permissions), the 250-m equal-interval gridded data file, and the KML file are available for download.
Users can select and acquire data files for 2D seismic velocity models, 2D plate geometry models, and hypocenter distributions simultaneously. However, 3D seismic velocity and plate geometry models must be selected individually, and only one data type (seismic velocity, Vp or Vs, and seismic velocity perturbation, dVp or dVs) can be selected at a time for 3D seismic velocity models. Because of their large data volume, when JMA hypocenter distributions are selected as output data, users must further specify a period of occurrence and maximum and minimum magnitudes.
A "ReadMe" file included with the downloaded data files provides the contents of each downloaded data file, the format of the equal-interval gridded data, the reference for the selected model, the user-selected search area, etc. The reference information provides users the method and observational data used to create the original model.
Generating 250-m equal-interval gridded data
The equal-interval gridded data files provided by the database are interpolated from the original data at equal horizontal and vertical intervals of 250 m using the bicubic method (ignoring the curvature of the Earth) and then written into a text file for output. The 250-m equal-interval data are produced automatically when 
2D seismic velocity and plate geometry models are stored in the database and are regarded as existing in a vertical rectangle. For 3D seismic velocity and plate geometry models, the equal-interval data are produced each time the database is searched; 3D plate geometry models are interpolated from the original data only within the user-specified search region, whereas only the data in the vertical cross section just beneath the user-specified profile are newly interpolated for 3D seismic velocity models. The equal-interval data are regarded as existing within a rectangular parallelepiped in 3D seismic velocity models and are projected onto the Earth's surface as a horizontal rectangle in 3D plate geometry models. Grid points containing no data in the projected 3D models are given dummy values of − 9999, and new grid points interpolated from dummy values will be passed dummy values of − 9999. Dummy data are ignored upon conversion into KML.
Converting equal-interval data to KML
For simultaneous visualization of 2D and 3D seismic velocity structure models in Google Earth, the database converts the 250-m equal-interval gridded data to KML when KML is selected as the output file. For 2D and 3D seismic velocity models, the KML files show vertical cross sections of the seismic velocity (or velocity perturbation in 3D) distributions just beneath the selected profile as color contour maps (Fig. 3a, b) . Users can set the minimum and maximum seismic velocity/seismic velocity perturbation values shown by the color scale for 3D velocity models, whereas the maximum and minimum 2D seismic velocities shown by the color scale are 8.5 and 1.5 km/s, respectively. The 2D and 3D seismic velocity color contour maps are composed of polygons colored according to the value of the seismic velocity at each grid point. To minimize the KML file size, polygons are merged if the values of neighboring grids are very close. In Google Earth, the polygons are visible from the front and back; the KML files are thus created such that the south-facing side of the cross section is regarded as the "front" of the color contour map. For 2D plate Examples of seismic structural model visualizations using Google Earth. The green rectangles on the Earth's surface show the user-defined search area, and the source references of the models are shown in the white balloons. a 3D seismic velocity model (Liu and Zhao 2014; Liu et al. 2013) . b 2D seismic velocity model (Kodaira et al. 2006) . c 2D plate geometry model (Kodaira et al. 2000) . d 3D plate geometry model (Nakanishi et al. 2018 ). e Hypocenter distributions (Akuhara et al. 2013) geometry models, the depth to the top of the plate is represented as lines connecting the plate depths (Fig. 3c) . For 3D plate geometry models, the plate geometry data are converted into KML as an aggregate surface of triangular polygons (Fig. 3d) . Hypocenters are displayed as spheres (Fig. 3e) . KML placemarks show the source data used in the models; upon clicking the placemark in Google Earth, the source reference appears in a white balloon (Fig. 3) .
As the Earth's interior is not visible in Google Earth, the data must be displayed outside of the Earth; the depths of the data are thus converted into altitudes relative to an "imaginary Earth's surface" altitude defined by the user.
Web GUI
A web-based GUI enables users to easily access the database via the Internet (presently only available in Japanese).
A map embedded in the GUI shows the extent of all models in the database (Fig. 4a) . In this view, source references can be viewed by clicking the profile line (2D plate geometry and seismic velocity models) or the margin of the bounding box (3D plate geometry and seismic velocity models) of individual models. In the GUI, users can easily adjust the geographic coordinates of the rectangular search region by clicking on the map, and the map is redrawn showing only the models that include data within the search region (Fig. 4b) . For 3D seismic velocity and plate geometry models, the model area is shown by a rectangle, although some blank points may exist within that area. In these cases, the rectangle represents the maximum extent of the selected data. We developed this web GUI assuming use of the Google Chrome browser. a b Fig. 4 Web GUI for searching the database. a The first page of the search tool. Green and red lines show the positions of 2D plate geometry and seismic velocity models, respectively. Yellow and green boxes show the extents of 3D plate geometry and seismic velocity models, respectively. Spheres represent hypocenters; hypocenters from the same model are shown in the same color. b The second page of the search tool. After search area selection, the map is refreshed to show only the models containing data within the search area. The left panel lists the titles of the selected models. The green line and red rectangle indicate the search area defined by the user in the first step (a)
Results
Towards the goal of constructing an integrated seismic structural model beneath the Pacific Ocean around Japan, we have developed a database that stores various seismic structural models (obtained by seismic surveys and tomographic analyses) and hypocentral parameters. Using this database, users can (1) acquire various data files from several models at once, regardless of the model type, (2) view the extent of the existing seismic structural models in the web GUI (Fig. 4a) , and (3) easily visualize the structural data distribution, particularly in the offshore region, by interfacing with Google Earth (Fig. 3) . Moreover, by using the original dataset or the gridded data provided by this database, users can analyze individual structural models. Therefore, this database will be useful in creating a better model of the subducting plate and seismic velocity structure around Japan.
Discussion
In this section, we introduce several example applications of the database. We first explain the use of the equal-interval gridded data and then show an example of simultaneous visualization of different seismic velocity models.
At present, the GUI is only available in Japanese. However, we believe that this database will be useful to all researchers interested in the seismic velocity structure and subducting plate geometry around Japan. We recognize that this system should be improved in the future to respond to users' requests, including an English GUI.
Use of 250-m equal-interval gridded data
The database provides three data output options: (1) the original data files, (2) 250 m equal-interval gridded data files, and (3) KML files. The unprocessed original data files are the intact datasets provided by various institutes or researchers; these are different from the formatted input data (text) files accepted by the database. JMA hypocenter data are the exception; the original data files are not provided because of their large volume. The equal-interval data files provide interpolated data gridded horizontally and vertically at 250-m intervals. The 250-m equal-interval data are provided in a vertical section beneath the user-specified profile for 3D seismic velocity models or in a rectangular parallelepiped under the user-specified search region for 3D plate geometry models. For 2D seismic velocity and Fig. 5 Visualization of various seismic structural models under the Nankai Trough. The cross section of the 3D seismic velocity model is from Nakajima and Hasegawa (2007) , the 3D plate geometry model from Nakanishi et al. (2018) , the 2D plate geometry and seismic velocity models from Kodaira et al. (2006) , and the hypocentral distribution from Akuhara et al. (2013) . The green rectangle on the Earth's surface shows the userdefined search area. Differences between the individual models are notable; for example, hypocenters located at the surface of the subducting slab are consistently deeper than the top of the slab in the 3D plate geometry model plate geometry models, the equal-interval data are provided beneath the entire survey line across the search area. Because the original data are often provided as a program or in a unique file format, complicated procedures may be necessary to process different types of original model data. The equal-interval gridded data are space-separated and provided as a plain text file in a simple format summarized by the "ReadMe" file so that users can easily analyze or visualize the models in their software of choice. If needed, users can easily convert the equal-interval gridded data to other data formats such as GeoCSV (Stults et al. 2015) or JSON (JavaScript Object Notation) for seismic tomographic data (Postpischl et al. 2011 ).
Visualization of seismic structure models
The database provides KML files produced from the 250-m equal-interval data for display in Google Earth. The layer system of Google Earth allows various geographic data to be displayed simultaneously on a virtual globe. Therefore, the database can simultaneously visualize several seismic structure models, regardless of the model types. Figure 5 shows a visual comparison of 3D plate geometry (Nakanishi et al. 2018) and seismic velocity models (Nakajima and Hasegawa 2007) , 2D plate geometry and seismic velocity models (Kodaira et al. 2006) , and hypocentral distributions (Akuhara et al. 2013) . Differences between the 3D plate geometry model, 3D seismic velocity model, and hypocenters are notable at greater depths; for example, hypocenters located at the subducting slab interface are consistently deeper than the top of the slab in the 3D plate geometry model.
Conclusion
We developed a database system with a web GUI, available at http://www.kozo.jishin.go.jp, to provide seismic structure model data via the Internet. Using this database, users can easily obtain various kinds of seismic structure model data and visualize them simultaneously in Google Earth. By interfacing with Google Earth, this database allows users to easily understand the structural data distribution in offshore regions of Japan. This system also provides 250-m equal-interval gridded data from the desired structural models as a text file, which users can employ to analyze individual models without any complicated data preparation. As a result, we believe that the database will be useful to produce a more accurate seismic structure model beneath the Pacific Ocean around Japan. 
